About the nature of dark matter and dark energy and a model of cosmology that may 

solve the cosmic coincidence problem 
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A model of cosmology, that arises from the hypothesis that ordinary matter, dark matter and 
dark energy are made of the same stuff, is studied. It is argued that this hypothesis is a consequence 
of considering space and time in the same footing. The model provides a solution to the cosmic 
coincidence problem predicting, without fine-tuning, values of Q m ~ 0.32, Qa ~ 0.68 and f2(, « 0.04 
in agreement with observations. Besides, the model does not suffer from neither the flatness nor the 
horizon problems, does not appear to spoil the successes of cosmic nucleosynthesis calculations and 
allows for the formation of galaxies and clusters. 
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Current astronomical observations give evidence for a 
spatially flat and accelerating universe. Type la super- 
nova observations Q convincingly reject the deceleration 
expected from an Einstein-de Sitter universe and indicate 
a cosmological constant of the same order of magnitude 
as the present mass density of the universe, anisotropy 
observations of the Cosmic Microwave Background radia- 
tion (CMB) pointing toward spatial flatness 0,0] . Data 
from these observations fix the fraction of matter energy 
density to critical density to n m ~ 0.3 and the corre- 
sponding fraction associated to a cosmological energy to 
f?A ~ 0.7. At the same time, CMB experiments limit the 
contribution of baryonic matter to only Of, ~ 0.05, the 
rest being what is called dark matter, results that are in 
good agreement with the standard Big Bang nucleosyn- 
thesis. 

In the same way that Einstein introduced a cosmolog- 
ical constant and carefully fine-tuned it with the express 
purpose of contravene the tendency of matter to produce 
deceleration, and obtain in that way an static universe, 
now we must contend with fine tuning parameters Q 
such that the present value of the dark energy (or cos- 
mological constant) be of the same order of magnitude 
as the present mass density of the universe. This is the 
cosmic coincidence problem 

Alternatives to the cosmological constant has been 
considered. In one proposal 0, the dark energy varies 
with time and is due to a homogeneous scalar field shifted 
away from the true minimum of its potential. These mod- 
els [7j still need a fine-tuning in order to explain why this 
quintessence field comes to dominate only recently @. 
The failure to find a satisfactory model has led to the 
belief that some sort of anthropic principle must be at 
work |j. 

Note that the observed dark matter to baryonic mat- 
ter ratio is large. Recent measurements of the large-scale 
distribution of galaxies gives Q m = 0.27 ± 0.06 [lPf. sup- 
porting a large nonluminous matter to ordinary matter 
ratio. There have been proposed many candidates for 
dark matter, starting from ordinary material in some 



nonluminous form, relics of the early universe, weakly 
interacting massive particles, supersymmetric particles 
and others 01 ■ 

It is the purpose of this note to propose a model of 
cosmology that arises from the hypothesis that ordinary 
matter, dark matter and dark energy are made of the 
same stuff. We will see that such a model gives account 
of the cosmic coincidence problem in a natural way. We 
consider the space time of real events extended to com- 
plex values and allow world lines of particles in some re- 
gions of this extended space time identifying them with 
either dark energy or dark matter. The metric in our 
restricted space time will be governed by all these con- 
tributions to the energy momentum tensor. 

We may argue about the physics behind this exten- 
sion: Notwithstanding the fact that in Einstein's special 
theory of relativity, space and time appears to be in the 
same footing, there is a basic distinction: Lorentz trans- 
formations leave invariant the form 



ds 2 



-dt 2 + dx 2 + dy 2 + dz 2 , 



(1) 



for the interval ds between two events, with a relative 
minus sign between the time and space coordinates. We 
take c=l. This relative sign allows the existence of pairs 
of events with a null interval and hence to be connected 
by a light signal, giving then a distinct physical meaning 
to the odd coordinate. The distinction may be hidden if 
we require, as Minkowski did, that the time coordinate 
assume only imaginary values. Symmetry is only ob- 
tained if we allow all coordinates to assume complex val- 
ues, but now the invariant group of transformations be- 
comes the Complex Lorentz group. This is a well known 
extension. It is essential in a rigorous proof of the PCT 
theorem In this framework there is no preferred 

direction. 

Let us consider any event as the origin of space and 
time coordinates of a four dimensional complex space in 
which the manifold extending along the real components 
of the space directions and the imaginary component of 
the time direction is the usual Minkowski space. This 
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manifold contains all the ordinary events. In this complex 
space there are, however, other manifolds whose points 
have three real coordinates and one imaginary. There 
are three of such generalized Minkowski spaces, all of 
them going through the origin. We may identify each of 
them by the character and name of its odd coordinate 
direction. The null cone that passes through the origin 
intersects each one of these spaces separating the regions 
in which ds 2 > from the ones in which ds 2 < 0. Note 
that we may think of the odd coordinate direction as the 
axis of the projected cone. 

If space and time are in the same footing then we 
should allow for matter in all these manifolds. Any 
particle whose world line is in any of these Minkowski 
spaces should contribute to the energy-momentum ten- 
sor of matter at the arbitrary point taken as the origin. 

Our basic hypothesis is then that ordinary matter, dark 
matter and dark energy are made of the same stuff. Par- 
ticles whose world lines are geodesies inside the null cone 
in the manifold along the imaginary direction of t 
would be considered ordinary matter. Particles whose 
world lines are geodesies inside any of the null cones in 
the manifolds along the imaginary directions of x, y and z 
would be considered dark matter. Particles whose world 
lines are geodesies outside any of the null cones of the 
four manifolds would be considered dark energy. 

Let us consider any of the Minkowski spaces along one 
of the imaginary space directions, say the imaginary di- 
rection of x. Inside the null cone, ds 2 < 0. In momentum 
space this means that the mass 2 of the corresponding 
particles are positive. We will associate, by hypothesis, 
these particles to darkmatter 01 . For example, parti- 
cles whose geodesies are along the imaginary direction of 
x would contribute to the energy density and not to the 
pressure, because these particles will have energy but no 
momentum. This can be seen using a complex Lorentz 
transformation, the interchange between the x and t co- 
ordinates to connect our frame to the frame in which 
those particles are at rest. 

Let us consider any of regions of these four Minskowski 
spaces outside the null cone, i.e, where ds 2 > 0. In mo- 
mentum space this means that the mass 2 of the corre- 
sponding particles are negative. In a isotropic model, 
the total contribution to the energy momentum tensor of 
such kind of particles from these four spaces should be- 
have like an scalar under Lorentz Transformations. This 
is consistent with the hypothesis that associates them to 
dark energy . 

For the construction of a model of cosmology we con- 
sider an spatial isotropic and homogeneous universe on 
our space time manifold. We assume, as usual, the va- 
lidity of Einstein's field equations. They are 

R^u - \j^R = SnG T„ v , (2) 
with the sign conventions of . The corresponding met- 



ric has to have the Robertson- Walker form 

dr 2 

ds 2 = -dt 2 + a 2 (t){-^— + r 2 d9 2 + r 2 sin 2 0dtf}, (3) 
1 — kr z 

We assume that matter fills homogeneously all the space 
so that Einstein's equations reduce to a pair of second 
order differential equations on the scale factor a, and by 
eliminating a, we obtain Friedmann's equation 

.2 , 8irG 9 

ci +k= —-pa 2 . (4) 

In addition the time dependence of g is given by the 
continuity equation, 

p=-3-(p + p). (5) 
a 

This also can be written 

af=-30 + P ). (6) 

As it is well known, we need only an equation of state 
P = p(q ) to determine g as a function of the scale factor 
a and then, by using equation (J1J to solve for a(t). 

We estimate the equation of state in the following way: 
The total density p will receive contributions from: i) 
one share of ordinary matter density p a coming from 
geodesies inside our manifold, ii) Three contributions 
of darkmatter each one coming from their corresponding 
manifolds. Each of these portions will be equal to p be- 
cause the allowed space for geodesies inside the regions 
where ds 2 < for all the manifolds are the same, iii) 
A portion of dark energy coming from each of the four 
manifolds. The allowed space for geodesies inside the 
regions where ds 2 > is three times larger than inside 
the regions where ds 2 < 0. Then, each of these portions 
should be three times bigger than the previous ones. If 
we represent the dark energy fluid as made of particles of 
negative mass 2 , m 2 < 0, the property that they have a 
momentum that is invariant under Lorentz Transforma- 
tions means that these particles should have an energy 
density equal to m/y/2. This gives an additional fac- 
tor of l/\/2 to the contributions from dark energy. For 
a matter-dominated universe we take the ordinary and 
dark matter contributions to the pressure as zero and 
the dark matter pressure as p\ = —p\. In terms of the 
ordinary matter energy density p we have that the total 
density p and total pressure p are 

p = p + 3p + 6^/2p G , p = -6^2p a . (7) 

We eliminate p from the above pair of equations to ob- 
tain the equation of state 

P = up, (8) 

with w = -(1 + ^-y 1 w -.68. 
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The equation for a flat universe, k=0, gives the 
critical energy density p c as p c = 3H 2 /8ttG, where H 
is the Hubble constant. We define a density parameter 
VL X as the ratio of matter of type x to the critical energy 
density p c . Equation J7J gives the relative proportions 
of each type of matter. For matter density p m , that is 
the sum of ordinary matter and dark matter densities, 
we obtain the value m = 1/(1 + 3/^/2) ps 0.32. For 
dark energy we obtain Cl\ = 1/(1 + \/2/3) ps 0.68. These 
results are in agreement with observations Q. 

For ordinary matter we obtain Q = 1/(4 + 6/^/2). If 
we take in account that both particles and antiparticles 
arc included as ordinary matter we find that fif, = 1/(8 + 
12/^/2) ps 0.04, in agreement with observations [l7j . 

Solving equation © for p subjected to the equation of 
state (jHJ gives p oc a~ 3 ( 1+wS> and hence we have that the 
energy density scales as p oc a 2 + 3 ^/ 2 , the exponent being 
ps -.96. 

Using equation Q, For the case of a flat universe, 
we obtain that the scale factor grows as a oc t a , with 
a = 3(1 ^ ) . w = -(1 + this gives a = 2/3 + y/2 ps 

2.08. If we fix the origin of time such that the scale 
factor a(t) is zero at that time, a(0) = 0, the present 
time to may be identified with the age of the universe. 
In that case we obtain a simple relation between the 
Hubble constant Hq and the age of the universe to, 



H, 



_ d(tp) 



= a/to ps 2.08/to- For the deceleration pa- 
rameter qo = —a (to) d*lto) ' we obtain qo ps —0.5. 

Taking i?o = 13.4 Gyr one gets that the age of the 
universe is to ~ 28 Gyr. Recent observational evidence 
suggests that at redshift z ps 6 is the epoch of reionization 
[l8j, where starlight dominated for the first time in the 
history of the universe. Now, the redshift z is given by 



1 



a _ Ay 

o(t) ~ t' 



(9) 



For the elapsed time At = to — t since an event at time 
t, this gives At = t (l - (z + l)" 1 /"). The elapsed time 
since the the epoch of reionization is then ps 17 Gyr. 
This is in agreement with studies of stellar ages using 
radio-isotopes |l9j . 

If we assume that both ordinary matter and dark mat- 
ter are relativistic, i.e., a radiation-dominated universe, 
we have the same expression for the density as in the 
equation Q , but for the pressure p we have instead that 
p = 4/3/Jo — 6^/2(00- The equation of state is like equation 
© but now uj r = - 3 s+% 3 ~ -0.57. The energy density 



of radiation scales as p r oc a 



-3(l+w r ) 



- 128 . A fiat 



universe filled with radiation would grow like a oc t" r 
with a r = | + ^ « 1.56. Note that a/a r = 4/3, the 
same ratio than in the Einstein-de Sitter universe. If one 
assumes that all energy is in thermal equilibrium with 
darkbody radiation, p = aT A , we can use the scaling be- 
havior a oc t° r for a flat universe filled with radiation 



to find the dependence of the temperature T on time 
and the parameter a. Equation Q gives then that the 
temperature T scales like T oc (av/t) 1 / 2 , 



l/4A\l/2 



)'(——) 

8ttG<7 V t ; 



(10) 



where a is the radiation density constant. 

If the universe is flat, (f2 = 1), then it will remain 
so for all time. We may rewrite equation J3J as |1 — 
fi| = 1/a 2 . This shows that in a nearly flat universe 
|1 — fi| oc t -216 for a matter-dominated universe or 
oc t -112 for a radiation-dominated universe. We don't 
have to fine-tune the initial conditions in order that the 
universe looks flat now. In consequence, the model we 
are considering does not have the flatness problem. 

The particle horizon [2(| defined by r; lor (t ) = / *° * 
gives oo for a flat universe. This means that the range of 
causal interactions is infinite. There is no horizon prob- 
lem 0, 0| in our model. Note that the satisfactory so- 
lution for the flatness and horizon problems that we have 
found are due to the fact that the model share with infla- 
tionary models the property that the scale factor is 
accelerating a > 0. The similarities between inflationary 
models and the present model ends here because in infla- 
tionary models there is first an era of inflation pumped 
by an scalar field followed by a normal era in which the 
scale factor is decelerating. Here the scale factor keeps 
accelerating. 

It has been argued |2^| that comparable amounts of 
dark energy and matter in the early history of the uni- 
verse would spoil the successes of cosmic nucleosynthesis 
calculations. We will show that this is not the case here. 
The argument relies in a calculation showing that the 
ratio rj of the number of baryons to the number of pho- 
tons exhibits a strong dependence on the temperature if 
there is a substantial component of dark energy and the 
observation that the temperature at which nucleosynthe- 
sis takes place depends on this ratio (2j|. To be able to 
do the calculation they assume thermal equilibrium and 
that dark matter exchanges energy either with radiation 
or with matter. Here, we need only to require thermal 
equilibrium. We have that to maintain a Planck dis- 
tribution, the energy per particle must redshift like the 
temperature, T oc 1/^t oc a~ 3 ' 1+ "'. Taking in account 
the scaling behavior of p r we find that the photon num- 

3 

ber density scales as n 7 oc a 2a r . On the other hand, 
the scaling behavior of the number density of baryons 
may be written as m = aT 2 / a . Their scaling behavior is, 
then, the same and in consequence the ratio rj = rib/n 7 
is independent of the temperature. 

It is important to see whether the model allows for the 
the formation of galaxies and clusters. We may wonder if 
a density perturbation may grow without limitations. It 
has been found that a cosmological constant should not 
be comparable to matter density at the time of galaxy 
formation [24j]. In the model we are considering, the dark 
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energy is not constant but is decreasing. It is easy to see 
that in this case the proof does not give any bound. But 
as long as we take the scaling properties for the matter 
density already obtained, there is no bound even if for 
the sake of the argument we take the dark energy p\ 
as a constant. Let us follow Weinberg [24| modelling a 
perturbation as a sphere within which there is a uniform 
excess density Ap(t), its evolution been controlled by a 
Friedmann equation 

&7rG 

a 2 + Ak = — {p m + Ap m + p A )a 2 . (11) 

If we take in account that the density scales as p oc 
a -3(i+oj) we that 

a 3( - 1+u,) (g + Ap) = const. (12) 

The problem is whether the perturbed scale factor a(t) 
increases to a maximum value and then collapse or 
whether there is no bound. The critical point occurs 
when the right hand side of equation 1)11(1 is equal to Ak. 
It is obtained that there is no minimum if a; < —1/3. 
This is the case here. The conclusion is, then, that in 
this model a perturbation can increase without limit. 
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